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Carbon dioxide levels have been steadily increasing over the past decades; as of 2019 (411
ppm), CO2 levels are at their highest in over 40 years (330 ppm in 1977); consequently, regulations
in certain areas require the reduction of CO2 emissions to combat this trend. For effective carbon
capture, we require a sorbent that has high adsorption capacity, stability, and recyclability; in
addition, an efficient and economical way to release the captured gas is needed as well.
Metal-organic frameworks (MOFs) possess a high surface area for adsorption, but
releasing the stored gases requires additional energy input that limits the overall efficiency of
carbon capture. Ag/UiO-66 provides a thermally stable complex with a high surface for adsorption
of CO2 while the silver nanoparticles utilize light-induced local heating to act as a photoswitch for
dynamic release of CO2; visible light in the 400 nm spectrum is used to liberate the captured CO2.
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CHAPTER I
INTRODUCTION
1.1

Background
In the modern era, energy consumption is only increasing every year, and demand for

nonrenewable resources does not seem to be dropping; a consequence of this is the buildup of
greenhouse gases. Greenhouse gases (GHG) are a variety of gases that trap and reflect heat in the
atmosphere and back onto the earth; these gases include carbon-based gases (such as CO2 and
CH4), fluorinated gases (F-gases), and N2O. Some effects of this buildup include morphological
differences in flora and fauna1,2, ocean warming3, and more extreme weather patterns4.
GHGs can come from either natural sources or human activity; natural sources include
volcanoes, CO2 vents, cellular respiration, and weather, while anthropogenic sources primarily
involve fossil fuel consumption and industrial farming. Natural GHG sources can be broken down
into 38% forest fires, 21% oceans, 21% permafrost, 17% wetlands, and 3% volcanoes5, as shown
in Figure 1.1.
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As depicted in Figure 1.2, anthropogenic emissions consist of 76% CO2, 15% CH4, 8% N2O, and
1% F-gases5. As CO2 makes up the majority of human GHG emissions, this work will focus on
that. CO2 emissions from energy use make up 64% of the total with transportation contributing
22% of all anthropogenic GHG emissions; these CO2 emissions can be broken down into Natural
Gas 20.5%, oil 36.0%, and coal 43.5%6. The contribution of anthropogenic emissions to total GHG
is estimated to be between 48-67% of total GHG emissions5.
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As of 2019, (411 ppm), CO2 levels are at their highest in 40 years (increased from 330 to
411 ppm)7; consequently, regulations in certain areas require the reduction of CO2 emissions to
combat this trend. The continuing growth in population, as well as modernization of developing
countries, will result in continued increasing electrical consumption and fossil fuel usage for
transportation6. The earth is able to absorb a 14.4-26.5 Gt of GHG gases back through its oceans
and ecosystems, but this amount is roughly equivalent to that naturally emitted (18.1-39.3 Gt)5;
thus, anthropogenic sources can be considered extra strain. Increasing the use of renewable energy
significantly decreased CO2 emissions, but it requires an energy share greater than 8.4% of the
total energy consumption8. Thus, there is a call to find alternative sources of energy; one such
avenue is harnessing solar energy for carbon capture for further sequestration or conversion to
higher carbons.
3

1.2

Solar Utilization
Sunlight is naturally abundant but faces limitations in availability due to the time of day

and ease of distribution9. Typical methods of solar power conversion include utilization
photosensitizers such as dyes or solar panels which capture sunlight in order to directly produce
electricity or catalyze fuel production such as ammonia; in these photosensitizers, photons are
absorbed by photovoltaic cells, and then their energy is transferred to electrons in the
semiconductor to generate electricity. Currently, solar panels are most effective in large panel
farms but are costly to manufacture.
One method to investigate is natural photosynthesis, which has been developed for
millions of years and is organically optimized. Organic photosynthesis consists of two systems: a
water-splitting system (photosystem II, PSII), and a carbon-fixing system (photosystem I, PSI);
PSII absorbs photons whose energies are used to split water which is used in PSI to convert carbon
dioxide into higher carbons such as glucose10.
1.3

Photosynthesis
Plants and other photosynthetic organisms harvest sunlight and carbon dioxide (CO2) and

undergo photosynthesis to convert them into sugars (such as glucose) and oxygen11. These
products can be further processed into sugar, alcohol, and fuel. The photosynthesis reaction is a
combination of the water-splitting reaction in PS II, the light-dependent cycle, and the Calvin cycle
where carbon is fixated in PS I, the light-independent cycle10; PS I is named as such due to being
discovered first, but photosynthesis begins first within PS II12. A schematic representation of the
system is provided in Figure 1.3. Below, we will examine each part of the photosynthesis system
in more detail.
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1.3.1

Photosystem II
Light radiates from the sun and is captured by P700 and P680 chlorophylls within

Photosystem I and II. Initially, light energy passes through Photosystem II (PSII) P680 molecule
by molecule to the PSII reaction center (RC). In the RC, an electron in the chlorophyll molecule
becomes excited and unstable and is released; another electron is released when the energy of
another photon is absorbed. The electrons are transported by an electron transport chain (ETC), a
chain of protein complexes, and mobile carriers; Plastoquinone is responsible for carrying
electrons from the PSII RC to the Cytochrome bf6 Complex. Photolysis, a water-splitting by
sunlight process, replaces the lost electrons in PSII; water is split into electrons, hydrogen ions,
and oxygen. The hydrogen ions and oxygen are released into thylakoid lumen; the oxygen is later
released into the atmosphere. Hydrogen ions from the stroma are transferred and released into the
thylakoid lumen to create a proton gradient. Due to the proton gradient, hydrogen ions are
transferred to adenosine triphosphate (ATP) synthase, which provides the energy for adenosine
diphosphate (ADP) and Phosphate ions (Pi) to combine to form ATP13. This step is called
phosphorylation, which helps regulate the function of proteins14. Cytochrome bf6 then transfers
electrons to Plastocyanin, which further brings them to PSI13.
1.3.2

Photosystem I
P700 electrons absorb photon energy and energize the incoming electrons from PSII, which

are transferred to a mobile carrier, ferredoxin. Then they are carried to ferredoxin Nicotinamide
adenine dinucleotide phosphate (NADP) reductase (FNR), an electron acceptor where the
electrons combine with a hydrogen ion and NADP+ to form NADPH, the reduced form of NADP+.
This NADPH will be used later in the Calvin Cycle. The Calvin Cycle is the process by which
CO2 is converted to glucose. It begins by a molecule of CO2 combining with a molecule of Ribulose
5

Bisphosphate (RuBP) to form an unstable 6-carbon intermediate. This intermediate then breaks
down into two 3-carbon molecules, 3-phosphoglycerate (PGA). These PGA molecules then
receive energy from ATP to produce two molecules of 1,3-biphosphoglycerate (BPGA). The
NADPH produced earlier in the reaction provides an electron which combines with each BPGA
molecule to create two molecules of glyceraldehyde 3-phosphate (G3P). Both G3P molecules are
needed to form glucose. To regenerate RuBP, ten molecules of G3P are needed, which is generated
by running the cycle five more times13.

Figure 1.3

Photosynthesis Diagram

Reproduced from “Biology, Seventh Edition” by N. Campbell and J. Reece, 2005. Pearson
Education, Inc. Retrieved June 4, 2020

Photosynthesis has been perfected in nature over millions of years through the use of
enzyme chains, which offer the advantage of mild reaction conditions and quicker reaction rates;
6

however, the maximum solar-to-carbohydrate efficiency of these natural systems is 4.6-6.0%15 due
to energy loss from other biological processes. There is little biological imperative for plants to
evolve more efficient photosynthetic systems as their needs are currently met, and to do so may
require the sacrifice of other systems. By adapting these systems into inorganic processes, we can
potentially further increase the yield and scale-up the process for different conditions as we can
look at the process in isolation without regard to biological needs; the abundance of sunlight can
be harnessed for energy-efficient processes if the technology is sufficiently developed, but the
barrier has always been whether it is cost-efficient enough to do so. Regarding the CO2 issue, a
viable synthetic photosynthesis system would attack this problem on two fronts: by both
converting already present CO2, and alleviating the need for future fossil fuel consumption.
1.4

Research Objectives
This work seeks to capture carbon from the air and convert it into more usable end products,

taking inspiration from nature. We are seeking to emulate natural photosynthesis using inorganic
methods; to do so, we need a way of both capturing CO2 and utilizing solar energy. One possible
material that can meet these requirements is composites using metal-organic frameworks (MOFs);
the MOFs themselves have many species that can function as CO2 adsorbents while their structure
lends them available for functionalization or impregnation with solar receptive materials. Thus,
PSI and PSII will be investigated in a laboratory environment. Metal-organic frameworks are
tested for their ability to capture and convert carbon in lieu of their organic counterparts. Of
particular interest is UiO-66, due to its high surface area and thermal stability; this stability allows
the incorporation of different materials such as silver nanoparticles, in order to augment or add
capabilities to the framework. The silver nanoparticles act as a photoswitch, allowing the dynamic
capture and release of carbon dioxide for further processing, and at the same time, regenerating
7

the MOF. Error! Reference source not found. shows a schematic representation of the UiO-66
MOF.

Figure 1.4

UiO-66 Representation

Reproduced from “Strem Chemicals, Inc.” CAS Number: 1072413-89-8. Retrieved April 1,
2020.

The present research aims to determine the viability of metal-organic frameworks with
incorporated silver nanoparticles in capturing atmospheric carbon dioxide. Thus, the primary
metric being observed is CO2 uptake by mass; experiments are conducted at 20°C using pure CO2
and air, and with varying Ag loads to determine its effectiveness on CO2 capture. Different metalorganic framework synthesis methods are compared for their consistency and yield.
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CHAPTER II
LITERATURE REVIEW
2.1

Background

In the modern landscape, the ever-growing demand for fuel has led a search for alternative sources
of energy that are both economical and sustainable. Solar energy is commonly looked at as a
renewable solution with a lot of potential in terms of efficiency and sustainability. One possible
method being researched is the possibility of recreating the natural photosynthesis process within
a controlled setting. Normally energy conversion from natural photosynthetic sources has a
relatively low solar-to-hydrogen efficiency (12.4% max), which necessitates a large amount of
harvesting area for the needed yield16. By using a synthetic process, different catalysts and reaction
pathways may be used to improve the efficiency and yield towards economic levels.
Industrial carbon capture is typically done by amine scrubbing, a process in which CO2
from the flue gas is removed by an absorption/stripping process utilizing aqueous amines such as
a monoethanolamine (MEA). CO2-containing flue gas is run through an absorber tower where it
comes into contact with a 20-30% MEA solution which absorbs 90% of the CO2; the flue gas exits
the top of the tower while the MEA continues through a stripping tower using steam to liberate the
absorbed CO2 which can then be stored while the remaining MEA is recycled back through the
process. The cost comes out to $35-$45/MT CO2 for 90% removal; 50-70% of this cost comes
from the stripper heat exchanger operation17. Some issues with amine scrubbing include the
presence of oxygen, causing solvent degradation and equipment corrosion as well as energy
9

inefficiency (up to 80% of the total process energy) due to the temperature required for
regeneration (120-150°C)18, and environmental impact in the form of freshwater toxicity due to
MEA emissions19.
2.2

Artificial Light Capture
Thus, a potentially more environmentally sustainable practice would be to utilize

renewable energy sources such as solar energy. Most of the sunlight is absorbed by antenna
systems, which transfer the singlet excitation energy to reaction centers. In plants, chlorophylls
serve as the primary excited state electron donors. Due to weak absorption bands in the visible
region outside of the two ideal wavelengths (around 430 and 660 nm shown in Figure 2.1),
photosynthetic organisms have accessory antenna chromophores (including carotenoid polyenes,
phycoerythrins, and phycocyanins) to harvest energy in regions where chlorophyll is ineffective.

Figure 2.1

Visible light spectrum with highlighted absorption regions

Ideal absorption regions boxed in green.
Reproduced from “Light” by G. Stark,1999. Encyclopædia Britannica. Retrieved June 4, 2020.
https://www.britannica.com/science/light#/media/1/340440/91330
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All antennas feature strong absorption by multiple chromophores, extremely rapid singletsinglet energy transfer among chromophores (to compete with the relaxation of excited states by
other mechanisms), and rapid energy transfer to reaction center chlorophylls. Primary electron
donors in artificial reaction centers do not equally absorb all wavelengths; to counteract this,
adding antennas can increase the overall efficiency of solar radiation collection and enable
absorption of light over a large area and transfer excitation energy to a single reaction center where
the generated electrochemical potential is able to be utilized.
Various antennas have been proposed: porphyrin arrays20, cyclic tetrapyrroles21, and
additional chromophores; design goals include strong absorption throughout the visible light
spectrum, rapid, efficient energy transfer among chromophores, the capability of interfacing to an
artificial RC, so singlet energy transfer is efficient, and not interfering with the electron transfer
processes in the RC.
An example of these antenna systems is molecular hexad. Its light-absorbing components
consist of 9,10-Bis(phenylethynyl)anthracene (BPEA) which strongly absorbs blue light at 450
nm, boron-dipyrromethene (BODIPY) which strongly absorbs green light at 513 nm, and zinc
tetraarylporphyrin (P) which strongly absorbs Soret region at 418 nm and orange/red light at
557/598 nm to together. This means that BDPY can effectively absorb from a wide spectrum from
blue to red.
For rapid energy transfer, some requirements must be met. Energy transfer must be
exergonic or energy-neutral, and fluorescence emission overlaps with other components. Hexad
can transfer energy from BPEA to BDPY to P. Efficient energy transfer competes against excited
state decay from multiple pathways: internal conversion, intersystem, fluorescence, and other

11

decay pathways. These pathways limit singlet excited state lifetimes to a few ns or less for these
types of molecules (2.8 ns for BPEA and 260 ps for BDPY).
The core structure of Hexad keeps chromophores in locations suitable for rapid energy
transfer. Excitation of a BPEA is followed by energy transfer between two BPEA with a time
constant τ of 400 fs. Energy is then transferred to BDPY with τ < 13 ps, BPDY to P with τ < 15
ps, BPEA can also transfer energy to P with τ = 6-7 ps. This generates a porphyrin singlet excited
state with a quantum yield close to unity. Hexad is coupled to a charge-separation unit by mixing
it with fullerene electron-acceptor. Two pyridyl groups coordinate to form heptad, which functions
as an antenna/RC complex. Fullerene accepts an electron from a porphyrin excited state with τ =
3 ps to generate P*+-C60*- with a quantum yield of unity. The lifetime of the charge-separated
state is 230 ps due to strong interaction between fullerene and porphyrins.
Artificial systems will require photoprotective and regulatory systems to limit
photodamage. Carotenoid polyenes provide photoprotection from singlet oxygen damage by
quenching the precursor chlorophyll triplet states and take part in the nonphotochemical quenching
(NPQ) regulatory mechanism found in plants22.
There are four types of artificial light capture explored in the literature: 1. Sensitizer (S)
and Electron Relay (R), 2. Sensitizer and Colloidal Semiconductor, 3. Colloidal Semiconductor,
4. Multiporphyrin Arrays.
In the sensitizer and electron relay system, light promotes electron transfer from S to R,
creating S+ and R- radical ions. This method approaches the diffusion-controlled limit as soon as
the reaction driving force exceeds a few hundred mV. Under diffusion control, an undesirable
backward electron transfer to the unexcited state is thermodynamically favored. As such, this limits
the lifetime of radical ions to several ms. Thus, when selecting a compound, we must consider
12

light absorption, redox potentials, and other possible side reactions. Possible sensitizers include
Ru-(bpy)32+, porphyrin derivatives, and acridine dyes.
Another approach is to combine a sensitizer with a colloidal semiconductor. The sensitizer
is adsorbed onto the colloidal semiconductor, which eliminates the need for an electron relay. S+
injects an electron into the conduction band, where it is carried to a catalyst site for hydrogen
evolution. A second catalyst is deposited on the colloidal particle to regenerate S by generating
oxygen from S+ and H2O. The benefit of these methods is that they require less reaction,
eliminating issues with bulk phase diffusion.
The third method examined is the use of the colloidal semiconductor by itself. In this
configuration, the colloidal semiconductor itself absorbs the light. Electron-hole pairs are formed
by band-gap excitation. When catalyzed, this allows hydrogen formation and oxygen generation
from water.
Finally, multiporphyrin arrays (depicted in Figure 2.2), which are structures consisting of
zinc and free-base porphyrins arranged in different patterns, show some promise. Ring-shaped
arrays offer better energy transfer than linear arrangements, but it is still insufficient. Star-shapes
allow for highly efficient energy transfer, but the limited chromophore unit incorporation potential
prevents the formation of large absorption cross-sections, which limits its effectiveness at low light
levels. Windmill-shapes are similar to star-shapes but allow for more chromophore units,
increasing the cross-sectional area for light absorption. The dendritic structures are threedimensional macromolecules with branch units that have the potential to hold many chromophore
units; however, if the chromophores do not cooperate, the accumulated light energy may be
scattered instead of being sent further along20.

13

Figure 2.2

Multiporphyrin arrays

(a) Ring-shaped array (b) Star-shaped array (c) Windmill-shaped array (d) Dendritic-shaped
array
Adapted from “Bioinspired Molecular Design of Light-Harvesting Multiporphyrin Arrays” by
M. Choi et al., 2003. Angewandte Chemie. 43 (2). 150-158.
https://doi.org/10.1002/anie.200301665
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2.3

Localized Surface Plasmon Resonance
Metal nanoparticles (MNPs) smaller than the wavelength of light cause a phenomenon

known as localized surface plasmon resonance (LSPR). LSPRs are non-propagating excitations of
the conduction electrons in MNPs coupled to an electromagnetic field; these oscillations cause an
enhancement of the local field near the MNP. Possible applications of this include surfaceenhanced Raman scattering, optical sensors, local heating, or decorative purposes. To

establish

the resonance condition, the oscillating valence electron frequency needs to match that of light;
for noble metals such as Ag, this occurs in the visible light spectrum23.
2.4

Intramolecular Control of Light-Induced Electron Transfer
A way must be found to direct the oxidative and reductive equivalents towards different

catalysts spatially, which requires a directional charge-transfer character built into the system.
Equation 2.1 shows the reactions that occur in photosynthesis at the RCs24. In the RCs, oxidative
and reductive equivalents are separated by a chemical potential gradient; the equivalents are
directed away towards different places in the structure by electron transfer hopping via electrontransport chains (ETC). Each is sent to different catalytic sites for their redox reactions.
ℎ𝑣

2+∗ (2.1
𝑅𝑢(𝑏𝑝𝑦)2+
𝑒𝑉)
3 → 𝑅𝑢(𝑏𝑝𝑦)3
+
𝑅𝑢(𝑏𝑝𝑦)2+∗
+ 𝑃𝑄2+ → 𝑅𝑢(𝑏𝑝𝑦)3+
3
3 + 𝑃𝑄 (1.7 𝑒𝑉)
2+
+
2+
𝑅𝑢(𝑏𝑝𝑦)3+
(𝑃𝑄2+ = 𝑝𝑎𝑟𝑎𝑞𝑢𝑎𝑡)
3 + 𝑃𝑄 → 𝑅𝑢(𝑏𝑝𝑦)3 + 𝑃𝑄

(2.1)

Synthetic molecules consisting of a light absorber or chromophore (C), electron-transfer
donor (D), and acceptors (A) have also been able to photochemically separate oxidative and
reductive equivalents. The presence of both electron-transfer donors and acceptors, which are
15

chemically attached to the chromophore at spatially separated sites, allows for converting incident
photon energy into transiently stored, spatially separated oxidative (D+) and reductive (A-) redox
equivalents24.
Light-induced redox splitting is directional due to the intermolecular free-energy gradient
that arises due to the difference in redox potentials between the excited state couples and the
quencher couples. Initial quenching steps are followed by the second intramolecular electron
transfer step. The lifetime of redox separated (RS) states is limited by reversal of electron-transfer
chains and excited state decay24.
Chromophore-quencher

complexes

are

constructed

from

porphyrins

and

metalloporphyrins; they are MLCT-based. Due to laser flash photolysis induced transient
absorbance and emission changes, MLCT excitation is followed by rapid intermolecular
quenching to give RS states as transients. In ligand-bridged complexes, MLCT excitation is
followed by electron transfer across the ligand bridge. This gives a remote MLCT excited state;
the reducing and oxidizing equivalents are separated by ~13 Å. Visible light absorption is followed
by rapid intermolecular energy transfer to give anthracene triplets.
Another method is to use multiple sites on polymers as a basis for assembling
chromophore-quencher complexes; For example, 1:1 styrene chloromethylstyrene copolymer.
Groups are added based on the nucleophilic displacement of chloride with concomitant formation
of ester, amine, pyridinium, or ether links. Flash photolysis of such a complex did not lead to
excited state quenching; quenching is inhibited by slow diffusion of quenchers containing
macromolecules. The addition of 9-methyl-anthracene (9-MeAn) leads to rapid bimolecular
reactions24.
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2.5

Synthetic Photosystem I
An artificial photosynthetic wood containing porphyrin molecules can be used to emulate

PS I25. Free phenolic groups of lignin enable reversible proton-coupled, two-electron redox
cycling. This arrangement allows for efficient charge transfer to an electron mediator for
photochemical NADH regeneration and redox enzymatic chemical synthesis; as the amount of
lignin is increased, the photoenzymatic conversion yield increased. Other alternatives include a
graphene-based photosensitizer that exhibits high activity in photocatalytic NADH and
asymmetric enzymatic reduction of acetophenone derivatives and heterojunction-based
nanostructures26. TiO2 nanotubes and CdS quantum dots suppress electron-hole recombination and
accelerates the NADH photo-regeneration rate; this exhibits over four times faster NADH
regeneration than equivalent TiO2-CdS nanoparticles27.
From literature, options with efficient light-harvesting include:
Peptide-based nanotubes synthesized by self-assembly of diphenylalnine (FF) and tetra(phydroxyphenyl)porphyrin (THPP) have enhanced light-harvesting capacity similar to natural
photosystems. By adding platinum nanoparticles onto FF/THPP nanotubes, the rate of charge
separation from an electron donor to electron mediator was increased, providing 48.3/2.7 times
greater enzymatic conversion yield than free THPP/non-PT nanotubes28.
Platinized porphyrin microstructures are created by ionic self-assembly of Zn(II) and
Sn(IV) porphyrin derivatives. The diffusion-limited crystallization of oppositely charged
porphyrin creates 4-leaf clover shaped structures that exhibit greater catalytic activity and
durability; this results in 5 times more H2 than free porphyrins29.
The reduction of chemicals by cofactor-dependent redox enzymes can be undergone by
dehydrogenases, which are stable and inexpensive, coupled with light-driven NADPH
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regeneration30. Cytochrome P450 monooxygenases are also an option for its catalytic ability in the
synthesis of steroids, fatty acids, and vitamins31; however, it requires expensive nicotinamide
factors. Finally, P450 BM3 monooxygenase provides high catalytic activity32, solubility, and ease
of expression. The P450-catalyzed O-dealkylation reaction is coupled with NADPH photoregeneration, which is accelerated under a green LED, demonstrating the importance of absorption
and emission spectrum match.
2.6

Metal-Organic Hybrids
Currently, there are no known strategies to hierarchically integrate all components in a

single material to perform synthetic photosynthesis without relying on sacrificial reagents. Thus,
we look to inorganic-organic hybrid supramolecular materials; they can contain photosensitizers
and catalytic centers in a single solid and provide structural organization to integrate three
fundamental steps of synthetic photosynthesis into a single material. Their highly crystalline nature
allows the study of both short-range and long-range energy transfer phenomena. Single-crystal xray crystallography allows theoretical predictions of electronic coupling, periodic alignment of
chromophores would simplify mathematical solutions, and distances can be tuned by crystal
engineering. The porous structure would provide an ideal platform to incorporate catalytic centers;
it can be incorporated into either metal nodes or bridging ligands while doing both would enable
sequential multistep catalysis. This provides an opportunity to integrate light-harvesting and
catalytic components into a single structure for solar-to-chemical energy conversion33.
2.7

MOF Energy Transfer
There are two models of energy transfer mechanisms of importance: Förster and Dexter,

depicted in Figure 2.3. These mechanisms are good for describing supramolecular assemblies due
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to long distances between chromophores, causing weak coupling between chromophores and,
consequently, weak coupling in MOFs. Förster (equation 2.2) assumes only dipole-dipole term of
Coulomb interaction is significant:

𝑘𝐸𝑇

1 𝑅0 6
= ( )
𝜏𝑓 𝑅

(2.2)

Dexter (equation 2.3) adds an exchange term between the electron donor and acceptor:

𝑘𝐸𝑇 = (

2𝜋 2
2𝑅
) 𝐾 𝑒𝑥𝑝 (− ) ∫ 𝑓𝐷 (𝑣) 𝑓𝐴 (𝑣)𝑑𝑣
ћ
𝐿

(2.3)

Förster is important over long distances while Dexter favors short distances; in triplettriplet energy transfer, the Förster mechanism is spin-forbidden, so Dexter overtakes it33.

Figure 2.3

Schematic representation of Förster (top) and Dexter (bottom) energy transfer
mechanisms

Reproduced from “Metal-Organic Frameworks for Artificial Photosynthesis and Photocatalysis”
by T. Zhang, 2014. Chemical Society Reviews. Retrieved May 7, 2018. http://pubs.rsc.org//content/getauthorversionpdf/C4CS00103F
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Most photocatalytic reactions involve single electron transfer (SET) processes between dye
molecules and substrates. These reactions depend on excited-state lifetimes of dye molecules
whose efficiencies depend on 2nd and 3rd-row transition metals; thus, upscaling is hampered by
cost and scarcity. MOFs allow the diffusion of organic substrates through open channels to
facilitate photosensitization; a variety of molecular dyes can be incorporated for solid
photocatalysts. Its heterogeneous nature enables recycling processes and reduces contamination of
organic products by heavy metals33.
MOFs exhibit broad UV-visible absorption with an edge in a range of typical
semiconductor bandgap values. These bands can be assigned to a localized ligand-to-metal charge
transfer, metal-to-ligand charge transfer (MLCT) transition, or π-π* transition of the aromatic
ligand. The broadband nature of MOFs can be attributed to inhomogeneous broadening; thus, by
itself is not good evidence of semiconductor viability. Theoretical studies have suggested that
MOFs have an insulating nature34. The poor overlap between frontier orbitals suggests localized
rather than delocalized electronic states. There is no appreciable band dispersion in electronic
structure due to the lack of observed charge separation over a long distance33.
2.8

MOF Design
There are two classes of MOF photocatalysts: opportunistic and designer. Opportunistic

photocatalysts take advantage of the broad absorption of LMCT or ligand π-π* bands. Downsides
of these MOFs are that the relative energies of highest occupied molecular orbital (HOMO) and/or
lowest unoccupied molecular orbital (LUMO) orbitals cannot be readily tuned, lifetimes of excited
states are too short, low efficiency in terms of photon energy utilization. They are typically used
for oxidative dye degradation reactions, which tend to have thermodynamic driving forces and
small kinetic barriers. Bridging ligands based on well-known organic and metalorganic
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chromophores are used to build MOFs; they possess higher efficiencies to promote more
sophisticated, difficult to catalyze reactions. The multi-component framework consists of metal
nanoparticles incorporated as a co-catalyst for hydrogen evolution either through diffusion or in
situ synthesis, and chiral organocatalysts are introduced to perform asymmetric photocatalysis; the
proximity of different components in MOFs interact synergistically33.
Several MOFs have been created which can mimic natural light-harvesting complexes; an
example of this is Zn(L1 -Ru)·2DMF·4H2O (1) which was synthesized from Ru(bpy)(4,4’dcbpy)2 [PF6]2 bridging ligand (H2L1-Ru[PF6]2 , 4,4’-dcbpy = 2,2’-bipyridine-4,4’-dicarboxylic
acid) and Zn2+ nodes. (1) can be excited to MCLT state of L1-Ru bridging ligand to exhibit
phosphorescence with a lifetime of several hundred nanoseconds. When L1-Os is doped into the
framework, MLCT excited states were readily quenched due to energy migration to the osmium
sites. The lifetimes of Ru(II) excited states decreased as the doping level of Os(II) increased. Os(II)
emission growth suggests evidence of Ru-Ru excited state migration and Ru-to-Os energy transfer
in Osmium-doped (1). Since the Förster mechanism is spin-forbidden, the energy transfer is
proposed as site-by-site hopping, and the random walk model is used; the fitted energy transfer
rates were faster than predicted by the Dexter mechanism35.
Porphyrin-based MOFs were proposed as pillar-layer structures with the porphyrin-derived
ligands sitting at the pillar positions and aligning in rectangle geometry; with pyridyl-ferrocene
(FcPy)36 as a pre-associated quencher, enhanced quenching was observed. Fluorescence quenching
is modeled by equation 2.4:
𝐼0 − 𝐼𝑠
= 1 + 𝐾𝑆𝑉 [𝑄]
𝐼 − 𝐼𝑠
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(2.4)

Io, I, and Is are intensities at zero, a particular, and saturated quencher doping levels,
respectively. The energy transfer between porphyrin chromophores is anisotropic with intra-layer
rates faster than inter-layer rates in F-MOF; however, despite the longer chromophore distance in
DA-MOF, inter-layer rates are non-negligible. Thin DA-MOF films showed porphyrin
chromophores completely quenched by second squaraine dye in a 50-cycle film, which suggests
very efficient transfer37. Energy transfer between different lanthanide ions has been explored; from
the Tb3+ to the Eu3+ center in a mix-lanthanide MOF, 86% energy transfer was determined, and a
Förster mechanism was proposed36.
2.8.1

Application of MOFs
Advantages of MOFs include reversible coordination bonds, diverse metal compositions,

mild synthesis conditions, effective design methods, organic functional groups directly
incorporated into the framework, large pores, and high surface areas. The production of MOFs
often uses a molecular building block (MBB) strategy, which allows the design of topology from
premade geometries. It can use both organic and inorganic properties to obtain the desired
characteristics: organic tunes shape, size, and functionality, while inorganic provides stability and
optical or electronic properties38.
Applications of metal-organic frameworks include catalysis, separations, gas capture, and
molecular exchange. Some examples of MOFs are listed in Table 2.1.
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Table 2.1

2.8.2

Example of MOFs
Name

Application

Reference

MOF-2

Catalysis

39

MOF-5

CO2 Adsorption

40

MOF-177

CO2 Adsorption

40

MIL-100

Water Treatment

41

HKUST-1

CO2 Adsorption

42

ZJU-101

Anion Exchange

43

MOFs for Carbon Capture
MOFs have the potential for CO2 adsorption due to their high surface area and versatile

surface chemistry; the captured CO2 is released during regeneration of the MOF. However, a large
amount of energy input is needed to release the stored gas, limiting the effectiveness of early
MOFs. To solve this issue, stimuli-responsive MOFs have been researched. MOF composites can
be synthesized with an additive that responds to stimuli to trigger CO2 release. Due to its natural
abundance, light is an energy-efficient way to renewably release adsorbed gases from MOFs. One
way of harnessing solar energy is to synthesize light-responsive MOFs by integrating lightresponsive components (LRCs) such as organic molecules or nanostructures with MOF crystals.
One method to do this is to incorporate LRC guest molecules into MOFs. Initial work came from
the Yanai group44 by trapping trans azobenzene molecules into the inner cavities of
[Zn2(terephthalate)2(triethylenediamine)]n

frameworks.

Under

UV-light

irradiation,

the

azobenzene underwent trans-to-cis transition, increasing gas adsorption capacity; however, to
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reverse the isomerization and release the adsorbed gas, required external heat input. The cis
isomers were highly stable in the dark, retaining 80% after a month.
Porous aromatic frameworks (PAF) possess many of the benefits of MOFs such as high
surface area, selectivity, porosity, uptake, and tunability, as well as possessing high thermal and
hydrothermal

stability.

Dithienylperfluorocyclopentene-based

diarylethene

(DArE),

a

photochromic molecule, has been incorporated into the inner cavities of PAF-1 frameworks to
create a DArE@PAF-1 composite. The DArE allows for the cyclization of the open-ring isomer
and cycloreversion of the closed-ring isomer under the UV and visible light irradiation,
respectively; this reversible photoswitching allows for the dynamic capture and release of CO2
using visible light. Due to the tradeoff between photoresponse and CO2 uptake capacity, DArE
loading can be varied with the optimal desorption capacity of 26 wt % CO2 occurring at 303 K, 1
bar, and 50 wt% DArE loading. While increasing the guest molecule loading does increase the
photoresponsive capabilities of the MOF, there is a corresponding loss in surface area and porosity
due to the occupation of vacant sites45.
Alternatively, light-responsive MOF composites can also be created by combining MgMOF-74 (Mg2(dobdc)) and MIL-53(Al) (Al(OH)(BDC)) with methyl red dye. While nonirradiated, the red dye blocks CO2 from accessing open pores; upon visible light irradiation, the
pores are opened triggered by photoisomerizations of methyl red dyes. However, significant CO2
uptake did not occur unless the composites were relaxed overnight. The process is reversible, but
continued overnight cycling results in a loss of uptake capacity46.
A new type of light-responsive MOF has been created by incorporating Ag particles into
the matrices of UiO-66. Due to the visible light harvesting and visible-to-thermal energy
conversion capability of Ag particles, the embedded Ag particles can generate heat when exposed
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to visible light, triggering the release of adsorbed CO2. The MOF regeneration is facilitated by
light-induced local heat (LLH) when adsorbed CO2 is released47.
While high pressure (3-5 MPa) can improve the adsorption of CO2, the conditions (0.3
MPa) in the flue gas where carbon capture occurs are not viable. High polarity functional groups
(such as pyridine, -OH, -NO2, -CN, -SH) and open metal sites are a widely used way to increase
the efficiency and selectivity of carbon capture; in addition, amine groups are bound to the MOF
skeleton to mimic chemisorption. The problem arises with the water found within the flue gas; the
high polarity and binding energy of water compete against CO2 poisons the MOFs, dropping
capacity and selectivity under humid flue gas conditions. One way to solve this is by confining the
CO2 to separate gases on a size basis; the difficulty lies in designing pore openings to match the
size of the CO2 molecule46.
Ding’s group developed a strategy of in situ polymerization of aromatic acetylenes inside
MOF-5 to create PN@MOF-5; 1,2-Diethynylbenzene (DEB) is chosen as the monomer which is
encapsulated by MOF-5 and further heated to generate polynaphthylene (PN) within the channels.
The PN affords hydrophobic properties to the composite and partitions micropores (1.2 nm) into
ultra-micropores (0.7 nm). By increasing the PN loading, the amount of 0.7 nm micropores
increased while the 1.2 nm micropores decreased48.
Under CO2 sorption tests, compared to the lone MOF-5 (38 cm3/g), PN@MOF-5 displayed
over twice the amount of CO2 adsorption (78 cm3/g). MOF-5 loses its porosity in 6 h and turns
into MOF-69c after 40 h under 40% RH; PN@MOF-5, on the other hand, retains its structure and
crystallinity after 40 h. Testing of a 16% CO2/N2 gas mixture showed superior performance of
PN@MOF-5 vs. MOF-5 (34cm3/g vs. 23 cm3/g). Under humid conditions (RH = 65%),
PN@MOF-5 retained 94% of its adsorption capacity, but MOF-5 lost 40% and 73% of its capacity
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after the 1st and 2nd cycles, respectively. The demonstrated water stability provides an additional
method of solving traditional issues with MOFs for carbon capture and shows viability for practical
applications48.

26

CHAPTER III
THEORY
3.1

MLCT Excited States
The requirements for usable MLCT excited states are 1. Reached with high efficiency

following light absorption 2. Lasts long enough to undergo a chemical reaction and 3. Be stable so
that the system can be recycled. The excitation of [Ru-(bpy)3]2+ appears quickly (< 10ps) and with
high efficiency (quantum yield of ~1). These states are actually a combination of three different
low-energy, closely spaced MLCT states in thermal equilibrium; kinetically, they behave as a
single average state that provides the basis for oxidative/reductive reactions. Higher lying states
provide additional decay channels. Low lying dd states are the most important; they can be reached
by a thermally activated electron transfer in which an excited electron is transferred from π* to
dσ* orbital. These dσ* orbitals are anti-bonding with regard to the metal-ligand bonds; they are
short-lived and can lead to loss of ligands and decomposition of the complex.
There have been attempts to eliminate these dd states at room temperature: Third transition
series elements such as Os(II) are used in place of Ru(II); with the higher dπ-dσ energy gap, dd
states are too high energy to determine excited-state properties. Fe(II) complexes have lower dπdσ energy gap, which causes low energy dd states, thus their lack of success. Mixed chelates have
low-lying π* levels of bpyz ligand introduce a low energy MLCT state.
The photochemical and photophysical properties of MLCT excited states have been
investigated by Meyer, and it was found that variations in non-chromophoric ligands lead to
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systematic changes in the energy gap between excited and ground states and the range of emission
energies greater than 1 eV. The energy gap law predicts that Ln knr (where knr is the nonradiative
decay) should decrease linearly with emission energy (Eem). Over 90% of the energy released when
excited states undergo nonradiative decay appears in seven medium-frequency polypyridyl ring
stretching modes; the rest of the energy is released into low-frequency metal to ligand stretching
modes and into the solvent. A Franck-Condon analysis is used to calculate relative rate constants
for nonradiative decay24.
3.2

Sterner-Volmer

Ligand-sensitized luminescence is a form of energy transfer following Förster mechanics found
within MOFs built from lanthanide metals; the organic ligands serve as an antenna to sensitize
lanthanide metal nodes. The f-f transitions have small extinction coefficients, which result in
strong characteristic f-f emission peaks that can be observed upon excitation at the ligand
absorption band. Another efficient energy transfer mechanism is found between donor-acceptor
pairs or ligand and guest molecules. Efficient energy transfer in the 1-D coordination polymer
between π-conjugated chromophores was reported49; the energy transfer efficiency can be tuned
by varying quantum dot sizes to change their spectra. Lin’s group35 studied efficient lightharvesting by probing with luminescence quenching using an oxidative quencher or a reductive
quencher. It is proposed to take place at the MOF/solution interface because the MOF channels
are too small to allow quencher molecules to diffuse in. The Sterner-Volmer, Equation 3.1, showed
positive deviation for luminescene intensity:
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−1
𝐼0
𝑘𝑅𝑢∗
𝑘𝑅𝑢∗
= [(1 − 𝛾) + 𝛾𝐹𝑆𝑄
+ 𝛾(1 − 𝐹𝑆𝑄 )
]
𝐼
𝑘𝑅𝑢∗ + 𝑘𝑆
𝑘𝑅𝑢∗ + 𝑘𝐷 [𝑄]

𝜏0
1
=
𝜏
𝑘𝑅𝑢∗ 〈𝜏〉

(3.1)

(3.2)

The fitted data model contains static (pre-association) and dynamic (diffusion) terms for the
quenching process: ks and kD are static and dynamic rate constants, respectively, and γ stands for
excited states migrated to the interface (nearly 1). It was found that excited states rapidly migrate
hundreds of nanometers to interface with nearly 100% efficiency50.
3.3

CO2 Adsorption
Adsorption is a phenomenon that occurs on the surface of an adsorbent (solid material),

which binds an adsorbate (liquid or gas) to itself. This can occur through either chemisorption
(adsorbate-adsorbate

interaction)

or

physisorption

(adsorbate-adsorbent

interaction);

physisorption is generally characterized by weak van der Waals forces while chemisorption
depends on covalent bonding between adsorbates.
Physisorption dominates at low pressure and low CO2 concentration; this can be adequately
described by the BET model. BET theory is used to determine the specific surface area for a porous
material and depends on the adsorption isotherm; these isotherms are divided into five types. The
isotherms may change depending on the adsorbate (N2 is commonly used), and thus the gas used
needs to be specified51. Adsorption enthalpy is proportional to the polarity/polarizability of the
sorption material and the sorbent; since CO2 is only slightly more polar/polarizable than N2,
CO2/N2 selectivity is difficult. Another factor is pore size: a pore needs to be large enough for the
adsorbate to access the surface area52.
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For carbon capture, the difference in CO2 and N2 diameter can be used to improve
selectivity through pore size engineering; pores with sizes between 0.5-0.7 nm have a higher
adsorption potential for CO2 than larger pores. However, due to other gases adsorption potentials
at these pore sizes and low adsorption enthalpy, selective carbon capture caps out around 0.1-0.2
bar CO2 partial pressure. For a cyclical process, the difference in uptake between sorption and
regeneration is most important. Size exclusion could be used in theory due to the size difference,
but due to the closeness in diameter, there is not currently a realistic solution. In addition, due to
the smaller kinetic diameter of H2O, any increase in CO2 selectivity will also increase that of the
H2O. Finally, there is a balance between adsorption rate and selectivity due to the addition of
transport pores.
For direct air capture (DAC), the minimum heat of adsorption is 19.5 kJ/mol; however, a
realistic overall free energy of binding should be around 30 kJ/mol. To obtain an ideal adsorption
solution theory (IAST) selectivity of 1500 corresponding with natural photosynthesis would
require a difference of 18 kJ/mol; however, this is beyond the limits of van der Waals attraction,
and thus selectivity ranges are usually around 30. Thus, a popular method to solve this problem is
functionalizing with amine groups to increase CO2 selectivity; a consequence of utilizing such
chemisorption is the increased energy cost to regenerate the adsorbent52.
3.3.1

UiO-66
Named after the Universitetet i Oslo, where it was first developed, UiO-66 is a metal-

organic framework made of Zr metal clusters and terephthalic acid ligands. It is attractive due to
its high surface area, thermal stability, and hydrostability; its specific surface area is between 10001600 m2/g and thermally decomposes above 500°C. Due to its highly functionalizable nature, UiO-
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66 possesses many applications ranging from chemical catalysis, photocatalysis, organic
degradation, separations, and CO2 capture47,53.
UiO-66 MOF metal clusters possess 4 -OH groups, amounting to 2 per tetrahedral cage.
CO2 is attracted to the -OH that belongs to hydroxylated tetrahedral cages; thus, at higher
temperatures where dehydroxylation occurs, CO2 uptake capacity decreases. At this site, CO2 is
contained with one O oriented towards an -OH group while the other O is pointed towards the
center of the tetrahedral cage. In addition to this type of site, CO2 bonds primarily at octahedral
cages and the openings between the tetrahedral and octahedral cages. The CO2 concentration
causes the structure to constrict, causing the terephthalate linkers to bend and decreasing the
overall MOF volume. The pores possess diameters of 11 and 8 angstroms, respectively, which is
large enough to accommodate CO2’s 2.3-angstrom diameter. These result in UiO-66 possessing
an adsorption capacity of around 78 mg/g at atmospheric pressure shown in Figure 3.154.

Figure 3.1

UiO-66 CO2 Adsorption

Reproduced from “Experimental and Computational Investigation of CO2 Capture on Mix-ligand
Metal-organic framework UiO-66” by Q. Huang, 2017. Energy Procedia. Retrieved June 3, 2020.
https://www.sciencedirect.com/science/article/pii/S1876610217310329

31

UiO-66 does not thermally breakdown until over 500°C when the organic ligands begin to
decompose, but dehydroxylation does occur around 330°C, which reduces the CO2 uptake capacity
of the composite. This strength comes from the presence of Zr-O bonds and the Zr6-cluster’s
robustness in response to changes in μ3-OH nodes without disturbing the carboxylate ligands55.

Figure 3.2

UiO-66 and Derivatives Thermal Degradation

Reproduced from “A facile synthesis of UiO-66, UiO-67, and their derivatives,” by M.J. Katz et
al., 2013, Chemical Communications, 49, 9449-9451

UiO-66 is highly water-stable, displaying no loss in crystallinity or BET surface area after
exposure to water vapor56, which is useful for practical applications that often involve the presence
of moisture within the atmosphere or flue gas. The reason for this stability is proposed to be due
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to the Zr-clusters not directly dissociating upon deprotonation of its bridging hydroxyl ions, but
rather the carboxylate linkers become weaker; part of this is due to the Zr-carboxylate clusters
being highly connected57.
By functionalizing the UiO-66 ligands, CO2 adsorption can be significantly enhanced. Of
particular interest is UiO-66-NH2, which improved CO2 adsorption at the atmosphere from 66
mg/g to 132 mg/g; this is due to the dipole moments of the amine groups and their small size not
inhibiting adsorption sites and surface area. This also increases the selectivity CO2 over CH4 or N2
by 70% or more across a range of temperatures. In addition, the structure did not show any loss of
crystallinity after exposure to water vapor, indicating it retained the water stability associated with
the base UiO-6658.
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CHAPTER IV
CO2 ADSORPTION
4.1

Synthesis
Li Synthesis of UiO-66:
Initial samples of UiO-66 were synthesized, according to Li procedure47. 417 mg ZrCl4

(Strem Chemicals) was dissolved in 20 mL of 37% HCl:DMF (1:5) (Aldrich) and then
ultrasonicated for 20 minutes (pictured in Figure 4.1 and Figure 4.2). To this mixture, 500 mg
terephthalic acid (Aldrich) and 33 mL of DMF and then additionally sonicated for 20 minutes. The
solution is transferred to a 200 mL Teflon-lined stainless steel autoclave (shown in Figure 4.3),
which is sealed and heated in a vacuum oven at 120°C for 24 hours. After cooling to room
temperature, the solid is collected by centrifugation and washed with DMF. Then it is immersed
in ethanol (Fisher Scientific) for three days in order to facilitate solvent-exchange from DMF to
ethanol. After drying, UiO-66 is collected.
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Figure 4.1

Ultrasonic Processor

Model: GEX750-5C Power: 750 W Amplitude: 20%
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Figure 4.2

Ultrasonicator Probe

Solid tip
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Figure 4.3

Autoclave used for Li synthesis

200 mL Teflon-lined Stainless Steel

Katz Synthesis of UiO-66:
Sample UiO-66 was synthesized using Katz’s procedure59. ZrCl4 was dissolved in a 1:6
37% HCl:DMF solution; this solution was then ultrasonicated at 20% amplitude for 20 minutes
(US Processor). A solution of terephthalic acid in DMF was added to the ultrasonicated mixture
as a source of organic ligands and then ultrasonicated at 20% amplitude for 20 min. The resulting
mixture is heated at 80°C for 24 hours (Labline 3618P-1) to fully dissolve. The UiO-66 sample is
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extracted by centrifugation at 2000 rpm for 15 min. (Corning LSE), vacuum filtered, and washed
with DMF then ethanol before drying at 80°C overnight. The dry white solid is then weighed.
Synthesis of Ag/UiO-66:
To synthesize Ag/UiO-66 using Li’s method47, UiO-66 is added to AgNO3 (Sigma Aldrich)
in acetonitrile (Sigma Aldrich) and then stirred for six hours to incorporate. The dry AgNO3/UiO66 is extracted by centrifuge at 2000 rpm for 15 min., vacuum filtered, and washed with acetonitrile
before drying overnight47.
To reduce the AgNO3 to Ag, the AgNO3/UiO-66 sample is added to a 0.6M NaBH4 in
ethanol solution and then stirred for six hours. The dry Ag/UiO-66 is obtained by centrifuging at
2000 rpm for 15 min, vacuum filtering, and washing with ethanol before drying at 80°C overnight.
The result is a yellow/bronze powder.
Table 4.1

Ag loading of synthesized batches
Batch

UiO-66 (mg)

AgNO3 (mg)

Ag (wt %)

1

947.0

152.0

5.82

2

246.5

32.0

3

202.6

50.7

Each batch is synthesized from UiO-66 and AgNO3, resulting in Ag/UiO-66 with the stated Ag
wt% analyzed using ICP-AES to determine the extent of impregnation. The remaining batches’
specific Ag content is unknown as characterization tests were not yet conducted.
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4.2

Photoswitching Effect

4.2.1

Optimal Lighting:
To test for the optimal wavelength to utilize, three lamps were considered: 1. Blue LED

(450-460 nm) (ABI), 2. UV (365 nm) (Fisher Scientific), and 3. Red LED (660 nm) (ABI). The
blue LED would have a similarity to the wavelength absorbed from natural sunlight in plants,
while UV light would be higher energy. Various samples were irradiated with each type of light
for 15 min., taking the temperature of the sample every 3 minutes. Graphs were constructed from
the average taken from multiple tests. For these tests, we are trying to emulate natural solar
intensity of 1120 W/m2; to do so, equation 4.1 is used and the results are tabulated in Table 4.2:

𝑊

𝑑= √

(4.1)

4𝜋 (1120 𝑊⁄𝑚2 )

Table 4.2

Optimal lamp distance

Wavelength (nm)

Power (W)

Distance (cm)

365

4

1.7

455

12

2.9

660

12

2.9

UV – 365 nm Blue LED – 455 nm Red LED – 660 nm
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Figure 4.4

Blue light testing

ABI 12 W 455 nm LED bulb 2.9 cm from the sample
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Figure 4.5

Red light testing

ABI 12 W 660 nm LED bulb 2.9 cm from the sample

41

Figure 4.6

UV light testing

Jena Analytik 4 W 365 nm lamp 1.7 cm from sample
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Blue LED vs UV Heating Profiles
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Figure 4.7

Blue LED vs. UV Heating over time

Blue Wavelength: 455 nm UV Wavelength: 365 nm Runtime: 15 min

Figure 4.7 shows the impact of two factors, wavelength and Ag content, on the temperature
response over time. Under UV irradiation (365 nm), there was relatively little difference between
UiO-66 and Ag/UiO-66 in regards to temperature over time; this suggests that the presence of Ag
does not have an effect on UV light. However, when blue light (455 nm) was used, the peak
temperature rose significantly, which is in line with expectations.
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Average Blue Light Irradiation Heating Profile
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Figure 4.8

Blue LED heating for UiO-66 and Ag/UiO-66

Blue Wavelength: 455 nm Runtime: 15 min

The blue LED irradiated samples reached a higher end temperature than the UV samples,
as depicted in Figure 4.8, which indicates a higher degree of absorption; this is consistent with
natural photosynthesis, which prefers light in the 400 nm range showing potential for artificial
photosynthesis. Within the irradiation tests, there was a wide degree of variation between the initial
and final temperatures among samples of the same batch; this can be attributed to the non-uniform
agglomeration of Ag nanoparticles during reduction as there is less variation in the UiO-66 tests.
More uniform agglomeration can potentially be achieved by lowering the reaction temperature
during the NaBH4 reduction.
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4.3

Thermal Degradation
Synthesized samples were compared to literature and commercial references by thermal

degradation in TGA (Q600 SDT). Samples (between 2-5 mg) are placed in an alumina sample cup
on the balance arm, and an empty cup is placed on the opposite balance arm (shown below in
Figure 4.9 and Figure 4.10); the balance arms keep a precise measurement of mass in relation to
the empty sample cup while thermocouples track the temperature. The sample is then heated under
50 mL/min of N2 for a non-reactive atmosphere from room temperature to 650°C at a heating rate
of 7°C/min in order to observe the thermal degradation patterns and any major events there within.
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Figure 4.9

TGA for Thermal Degradation and CO2 Adsorption

SDT Q600
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Figure 4.10

Sample cups on balance arms

SDT Q600

The results of the thermal degradations are shown in Figure 4.11. It can be observed that
the three types of samples varied in terms of overall weight loss; in terms of shape, all shared
similarities in the 500°C+ region due to the decomposition of the organic ligands, but the Li
samples possessed gradual decay from start to 200°C which is not explained by expected thermal
events, suggesting some sort of instability in the sample. Katz samples did not possess any
unexpected events, so it was chosen as the synthesis method for the rest of the samples. The high
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variability in overall weight loss can possibly be explained by the low mass of the samples being
tested, causing high sensitivity.

Figure 4.11

Comparison of synthesized versus commercial samples

Atmosphere: N2 (50 mL/min) Heating Rate: 7 °C/min
UiO-66 1,2, and 3 are samples synthesized using Li method47 while UiO-66 S2B1 was
created using Katz method59.

48

Figure 4.12

Thermal degradation of Li synthesized samples

Atmosphere: N2 (50 mL/min) Heating Rate: 7°C/min

Initially, Li synthesis47 was used to create UiO-66 samples; sonication was used to form
UiO-66 from ZrCl4 and BDPC ligands. The product is finished in a Teflon lined autoclave for 24
hours and then immersed in ethanol for three days. The resulting MOFs were tested by thermal
degradation (shown in Figure 4.12) and compared to commercial samples (Strem) which showed
a similar thermal decomposition at 550°C+, but there was a steady decay from the start until around
200°C which does not correspond to known phenomena within literature or commercial samples;
this implies the presence of unstable or unknown samples.
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Figure 4.13

Thermal degradation of Katz synthesized samples

Atmosphere: N2 (50 mL/min) Heating Rate: 7°C/min

Next, Katz synthesis59 was used which involved a similar process to the Li synthesis, but
eschewed the use of an autoclave and shortened the ethanol soak; the resulting MOFs did not
display the unknown initial decay found within Li synthesis and retained similar thermal decay
events as seen in literature, as shown in Figure 4.13.
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Figure 4.14

Literature reference TGA graph for UiO-66

Reproduced from “A facile synthesis of UiO-66, UiO-67, and their derivatives,” by M.J. Katz et
al., 2013, Chemical Communications, 49, 9449-9451

Synthesis by Li method was less reliable than that of the Katz method in forming a TGA
graph resembling that of literature (shown in Figure 4.14 as red line). In regards to thermal
degradation shape, Katz syntheses showed similar decays corresponding to solvent loss below
100°C, dehydroxylation around 300°C, and linker decay at 500°C59. There is inconsistency in
matching weight losses, suggesting issues in batch reproduction or the low mass used in sampling;
however, of the samples tested, Katz samples were most likely to have around 50% weight loss
similar to that of literature reference.
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4.4

CO2 Adsorption Capacity
With the blue LED chosen as the source of irradiation, the CO2 adsorption capacity of

samples is tested by TGA (Q600 SDT) using an isothermal run with CO2 flow controlled by mass
flow controller (Alicat Scientific) at 20 mL/min. The sample is loaded onto a balance arm inside
the TGA’s furnace, and 50 mL/min of UHP N2 (Airgas) is metered through the purge gas inlet,
which has an internal mass flow controller through the furnace. 20 mL/min of UHP CO2 (Airgas)
needs to be added through the reactive gas port which bypasses the internal instrumentation in
order to avoid damaging the TGA; this requires an external mass flow controller to regulate the
flow (which must be lower than the N2 purge flow) and prevent backflow. For the adsorption tests
itself, the TGA was run isothermally with this atmosphere until saturation is reached, which would
show as a plateau in the weight graph. Samples of UiO-66 and Ag/UiO-66 with varying levels of
Ag are tested to determine the effect of Ag load on CO2 adsorption. Prior to adsorption, each
sample is degassed in a vacuum oven at 90°C for 1 hour and then activated at 150°C for 2 hours.
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Figure 4.15

N2 source

Airgas UHP N2 50 mL/min
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Figure 4.16

CO2 source

Airgas UHP CO2 20 mL/min
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Figure 4.17

CO2 Mass flow controller

Alicat Scientific
In the following graphs, samples are labeled: C for commercial, S for synthesized, and B
for batch number.
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Figure 4.18

UiO-66 C2B4 High-Temperature CO2 Adsorption

Atmosphere: N2 (50 mL/min) + CO2 (20 mL/min) Mass: 3.522 mg Runtime: 90 min (at 150°C)
Temperature: red Weight %: blue

Figure 4.19

UiO-66 S2B3 Room Temperature CO2 Adsorption

Atmosphere: N2 (50 mL/min) + CO2 (20 mL/min) Mass: 3.880 mg Runtime: 90 min (at 25°C)
Temperature: red Weight %: blue
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Two temperatures were considered, 25°C and 150°C, to represent room temperature and
stack flue gas, respectively, as possible areas where this MOF may be used. The expected CO2
uptake capacity is around 78 mg CO2/g UiO-66, with the addition of Ag slightly decreasing this
capacity60.

Figure 4.20

Reference CO2 adsorption graph

Reproduced from “Experimental and Computational Investigation of CO2 Capture on Mix-ligand
Metal-organic Framework UiO-66” by Q. Huang, 2017. Energy Procedia. 105. 4395-4401.

The expected graph should show initial weight loss due to solvent or water vapor escaping
the sample during degassing followed by an increase in weight until it plateaus due to saturation
from which we can measure CO2 uptake capacity (Figure 4.20). However, CO2 adsorption tests
(Figure 4.18 & Figure 4.19) revealed lack of significant adsorption in either synthesized or
commercial samples with minor weight variations could be attributed to water vapor or
atmospheric gases; the “bell” shape shows a small amount of adsorption followed by steady weight
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loss, but the scale shows less than 2% weight loss, which does not indicate CO2 adsorption.
Possible reasons for this include sample instability, equipment malfunction, or environmental
conditions.
4.5

Drying Cycles
Due to the possibility of issues with adsorption of atmospheric gases, drying cycles were

conducted to observe the degassing of the samples.

Figure 4.21

UiO-66 C2B2 Drying Cycle

Atmosphere: N2 (50 ml/min) Mass: 4.383 mg Runtime: 360 min (Cycle: 60 min at 110°C then 60
min 25°C) Temperature: red Weight %: blue

Initially, a commercial sample was tested to establish a baseline, shown in Figure 4.21.
Running for 6 hours, a sharp peak forms, while any moisture should be evaporating, the pores may
also be activated by the high temperature and begin adsorbing atmospheric gases; this is supported
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by the gradual weight loss as the temperature drops. Once the 2nd cycle begins, a similar yet shorter
peak is observed, indicating the possible success of degassing.

Figure 4.22

UiO-66 C2B3 Drying Cycle

Atmosphere: N2 (50 ml/min) Mass: 3.522 mg Runtime: 350 min (Cycle: 60 min at 110°C then 60
min 25°C) Temperature: light blue Weight %: dark blue
Similar results were achieved in Figure 4.22 which warranted additional investigation.
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Figure 4.23

UiO-66 C2B4 Drying Cycle

Atmosphere: N2 (50 ml/min) Mass: 4.496 mg Runtime: 540 min (Cycle: 60 min at 110°C then 60
min 25°C ) Temperature: orange Weight %: blue

To test if successful degassing had occurred, a test was conducted, adding a 3rd cycle,
shown in Figure 4.23. The continued decrease in peak magnitude suggests that degassing was not
solely responsible for the initial weight loss, but could also be attributed to sample degradation.
However, as shown in the thermal degradation experiments, the temperature should be too low for
sample decay.
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Figure 4.24

Ag/UiO-66 S2B3 Drying Cycle

Atmosphere: N2 (50 ml/min) Mass: 7.291 mg Runtime: 340 min (Cycle: 60 min at 110°C then 60
min 25°C) Temperature: light blue Weight %: dark blue

Using synthesized samples shows similar behavior but with more significant cycle loss, as
seen in Figure 4.24; this can be caused by sample instability caused by synthesis issues or a high
amount of adsorbed gases during storage, but no 3rd cycle was tested for clarity.

61

CHAPTER V
DISCUSSION
5.1

Results
The effect of Ag loading on temperature response has been investigated with irradiation

tests. Initial tests were conducted in an open system to see results in a more natural environment;
however, the samples were too influenced by the lab atmosphere, resulting in inconsistent readings
due to day-to-day temperature fluctuations. The following experiments were run within closed
vessels to attempt to isolate external heating effects. From literature (Figure 5.1), Ag should aid
most in the absorption of blue light61. In the red line corresponding to Ag NPs, there is a primary
peak at 460 nm corresponding to blue light and a secondary peak around 350 nm in the UV light
region; after the blue peak, absorbance gradually decreases throughout the rest of the visible light
spectrum associated with red and yellow light. From this, it is expected that light in the blue light
region would be most effective, followed by UV irradiation and finally, red/yellow light having
minimal effect on the Ag.
Through light absorption, the Ag nanoparticles within the samples heat themselves and
open the surrounding pores, triggering the release of captured CO2; the higher the absorbance, the
more solar energy is converted to heat. Thus, it is necessary to determine the wavelength(s) with
the highest absorption to maximize temperature response. Three sets of wavelengths (red, blue,
and UV) were tested to confirm the effects for absorption; lamps were set up to provide a solar
intensity of about 1360 W/m2 to emulate natural sunlight62.
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Figure 5.1

Light absorption in Ag nanoparticles

Ag NPs in red (B)
Reproduced from “Green synthesis of silver nanoparticles and characterization of their
inhibitory effects on AGEs formation using biophysical techniques” by J. Ashraf, M. Ansari et
al., 2016. Scientific Reports, 6, 2.
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Figure 5.2

Ag/UiO-66 Irradiation Temperature Response

Blue (455 nm) Red (660 nm) UV (365 nm) Runtime: 15 min

As shown in Figure 5.2, only red and blue light had an appreciable effect on the
temperature of the samples, with blue being more effective; the temperature difference seems to
be most noticeable at the end of the 15-minute trials, but the trend is likely to increase as the
experiment is lengthened. This is in opposition to natural photosynthesis, which prefers light at
680 nm and 700 nm13, but matches literature which shows Ag enhancing blue light absorption.
However, the lack of UV response in our experiments does not match that of literature in Figure
5.1; the absorption data indicate that UV light should at least be comparable to that of red light.
While this observation does not really impact the rest of the experiments, additional tests should
be conducted to investigate this anomaly. These results were observed for both commercial and
synthesized samples, indicating the elevated temperature effects came from the impregnated Ag.
While precise Ag wt % were unknown, samples created with a lower Ag:UiO-66 ratio
demonstrated a weaker to almost insignificant temperature response compared to our sample with
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6.82 Ag wt%; with extensive testing, a relationship can be determined between Ag loading and
temperature response.
Some improvements to be made include increasing the run time to determine saturation
temperature and obtaining a solar simulator to test the performance of the samples against63. While
our experiments have shown that blue light is optimal for our sample’s light absorption, it is
possible that the broadband spectrum of natural light may be more effective as used by plants. In
addition, the relative sample size leaves it vulnerable to vessel wall heating, which may slightly
inflate the temperature; this can be mitigated with a more insulated environment.
The expectation of the CO2 adsorption is expected to be around 78 mg CO2/g Ag/UiO-6660,
but our experiments did not result in any appreciable CO2 adsorption. Initially, the tests were
conducted at 25°C, shown in Figure 5.3, to demonstrate the adsorption ability of the MOF at room
temperature with minimal additional heat input aside from initial activation.
25°C was chosen as the nominal room temperature, as opposed to lab temperature’s dayto-day fluctuation, to maintain a consistent experimental environment. The TGA ramped above
the nominal temperature before equilibrating at approximating 24.2°C, where it remained for the
duration of the experiment. The sample initially briefly rises to 100.4% before steadily declining
until the end of the test. There are small rises in weight matching with temperature increases during
the equilibration. Making the assumption that the gained mass is entirely adsorbed CO2, the
adsorption capacity is equivalent to 4 mg CO2/g UiO-66, which is much below the expected value;
however, without additional analysis, there remains the possibility that this increase could be due
to adsorbed atmospheric gases or water vapor. Successful adsorption would be indicated by an
increase in weight up to equilibrium as it reaches saturation, but the continual decay observed in
our experiment is unexpected; this decrease can be attributed to desorption of atmospheric gases
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or remaining solvent, sample decay, or even experimental noise due to the relatively small sample
mass.

Figure 5.3

UiO-66 S2B3 Room Temperature CO2 Adsorption

Atmosphere: N2 (50 mL/min) + CO2 (20 mL/min) Mass: 3.522 mg Runtime: 90 min (at 150°C)
Temperature: light blue Weight %: dark blue

As shown in Figure 5.4, to investigate the possibility of insufficient activation time for such
a small sample mass, the experiment was repeated at 150°C in order to keep the pores activated.
In addition, a commercial sample was used in order to obtain baseline data in case of any flaws
within our synthesized samples.
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Figure 5.4

UiO-66 C2B3 High-Temperature CO2 Adsorption

Atmosphere: N2 (50 mL/min) + CO2 (20 mL/min) Mass: 8.331 mg Runtime: 90 min (at 150°C)
Temperature: light blue Weight %: dark blue

Similar to the previous room temperature experiment, the temperature is ramped up and
then equilibrated at 151.6°C. There were weight increases that correspond with similar temperature
rises. As the temperature reached equilibrium, the weight reached a peak around 40 minutes and
then steadily declined until the end of the experiment; this shape matches neither the previous
room temperature experiments nor the expected literature values. In addition, the maximum
observed CO2 adsorption capacity is 3.8 mg CO2/g UiO-66 which is lower than literature values,
but is similar to that of our room temperature experiment; this shows the possibility that the issue
in experiments is not related to the sample structure as they showed similar performance, but rather
something else.
From literature, the activation temperature of UiO-66 has been shown to be optimal at
80°C, and as temperature increases, the porosity decreases until the temperature reaches 320°C64.
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Thus, while the initial activation temperature of 100°C would result in suboptimal porosity, there
should not be a complete lack of CO2 adsorption. While running at room temperature (shown in
Figure 5.3), the lack of adsorption could be attributed to deactivation as sufficient temperature was
not maintained; when the experiment was repeated at 150°C, the high temperature was maintained
(albeit at higher than the optimal temperature), and a similar response was still observed. The
continued heating should drive off any adsorbed gases, so a lack of pore activation could not be
confirmed to be the sole cause of the lack of adsorption.
There could be the possibility that trapped solvent blocking pores are resisting the
activation temperatures used65. At 25°C, the temperature is too low to evaporate any remaining
solvents. For the higher temperature experiment, this is unlikely due to the solvent exchange done
during synthesis which allows for lower temperature heat activation as well as the commercial
sample should not contain any impurities; DMF (153°C) used during synthesis is replaced with
ethanol (78°C) prior to final formation. It could be that there is remaining DMF that wasn’t
properly exchanged, but the experimental temperatures were not run high enough for it to be
observed; further characterization tests would need to be conducted in order to confirm its presence
in the synthesized samples.
Even at the relatively low weight losses experienced during the tests, there was a continual
decay after a short peak, indicating some continuing source of weight loss. To determine whether
this is the result of insufficient degassing or sample decay, drying cycles in the N2 atmosphere
were conducted on the samples; samples were subjected to cycles consisting of 60 min at 110°C
followed by 60 min at 25°C.
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Figure 5.5

UiO-66 C2B3 Drying Cycle

Atmosphere: N2 (50 ml/min) Mass: 3.522 mg Runtime: 350 min (Cycle: 60 min at 110°C then 60
min 25°C) Temperature: light blue Weight %: dark blue

In the initial two-cycle test (shown in Figure 5.5), there was a sharp increase in weight
corresponding with the ramping temperature followed by a more gradual increase corresponding
with the equilibrium temperature at 110°C; this sharp increase could be due to initial pore opening
with the more gradual increase resulting from steady atmospheric adsorption. After the drying
period, as the temperature was cooling to 25°C, the weight steadily fell until the next drying period,
forming peaks at 75 minutes and 275 minutes. Since there is no CO2 in the experimental
atmosphere, the weight gains and some of the weight loss can be attributed to adsorption and
release, respectively, of atmospheric gases. The presence of the 2nd lower magnitude peak can
indicate either successful degassing of the sample or the possibility of sample decay. For further
analysis, a 3rd cycle needs to be added to the experiment.
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Figure 5.6

UiO-66 C2B4 Drying Cycle

Atmosphere: N2 (50 ml/min) Mass: 4.496 mg Runtime: 540 min (Cycle: 60 min at 110°C then 60
min 25°C ) Temperature: orange Weight %: blue

In Figure 5.6, a 3rd cycle was added; similar initial peaks to that of the 2-cycle experiment
formed; the 3rd cycle formed another peak, which again was the lower magnitude. Assuming that
the sample was fully degassed by the end of the 2nd cycle, the 3rd peak should not be significantly
different; however, continued decrease in magnitude would suggest that the source of weight loss
is not due to insufficient degassing, but rather sample decay. As shown in Figure 4.24, similar
sample decay is observed in our synthesized samples.
Further experimentation with a mass spectrometer would be needed to confirm the source
of the missing sample weight66. It is expected that signals for N2, CH4, CO2, H2, and H2O to be
observed as trace amounts of atmospheric gases are released from the samples; additional signals
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observed provide additional insight into the sample: 1. Ethanol evaporation under 100°C shows
insufficient degassing during sample preparation 2. The presence of DMF implies solvent
exchange was not fully successful 3. The investigation of major weight loss regions will reveal if
there is sample instability or impurity 4. During the drying cycles, the sample mass continues to
decay, so further examination of the decay products will determine the source of instability.
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CHAPTER VI
CONCLUSION
6.1

Conclusions
Going forward, additional syntheses need to be conducted utilizing the Li method as well

as some modifications to the process (utilization of an autoclave) in order to determine its relative
effectiveness compared to the Katz method. However, both methods need to be examined in order
to figure out what is causing the lack of successful formation of UiO-66.
Examination of Ag nanoparticles incorporation into UiO-66 shows the high variance in
nanoparticle agglomeration, so methods need to be examined in order to facilitate more even
distribution.
CO2 uptake measurements thus far have failed to demonstrate significant adsorption, so
additional troubleshooting needs to be conducted in order to pinpoint the issue until uptake begins
to approach literature values. One important avenue to explore is the importance of pressure during
UiO-66 synthesis. Additionally, thermal degradation tests need to be conducted on a commercial
sample of UiO-66 to determine the degree of anomalies encountered in the lab synthesis.
6.2

Recommendations
Going forward, there are several additional actions and experiments that would aid in

understanding the issues found during our experiments.
First, we need to examine our synthesis process for possible issues with synthesis. This
should begin with fixing adaptations to procedures. For our initial synthesis method, we adapted a
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method outlined in Li’s work47 which resulted in UiO-66 samples with poor thermal degradation
shapes relative to literature. It is worth reexamination of the process with the acquisition of a
smaller Teflon-lined steel autoclave as ours was too large for the outlined batches (attempts at
scaling up the batches did not result in much improvement) which may have caused issues with
maintaining enough pressure during heating. Another synthesis method by Katz59 was tried in case
there was a flawed method. In this case, a major difference was eschewing the autoclave for the
synthesis; this method resulted in better formation, but it lacked the use of a glass frit for better
filtration, which would help with product loss. In addition, we should look to verify the
effectiveness of our TGA’s thermal degradations with either a calibration of our equipment or
getting a second analysis from another TGA would help determine if there is some anomalous
behavior with the original equipment as the commercial samples did not align with published
results either. To aid in the verification of successful impregnation of Ag into UiO-66, SEM or
TEM would need to be conducted in order to examine the nanostructures. Additionally, the size of
the Ag nanoparticles can be determined in order to validate the theory that the lack of response of
our samples to UV light irradiation; however, if they turn out to be smaller than 365 nm, alternative
explanations need to be explored. BET isotherms would be important in analyzing the surface area
and pore size distributions of our samples, but the sorption analyzer was inoperational during our
experimental period. All these characterizations can lead to verification of our synthesis or allow
for the diagnosis of any defects.
To help identify the thermal regions within the thermal degradation graphs, a mass
spectrometer needs to be connected to the TGA so that it can analyze the products and determine
the sources of the weight loss; the MS signals can be used as identifiers for various components
such as solvents and broken down organic linkers. Alternatively, due to the relatively small sample
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sizes being tested, it is potentially sensitive to noise, and thus more precise measurements need to
be made, and a microbalance within a glovebox can be used to measure the CO2 adsorption of the
samples; the magnitude is more easily tracked at that level than a standard analytical balance if the
sample can be sufficiently insulated.
For the photoswitching, for the study to be complete, we need the use of a solar simulator
as we were unable to procure one during our experiments. Although it was determined that blue
light was the most effective wavelength for Ag light absorption, it is possible that the most
effective wavelength is actually a broadband combination of visible light wavelengths such as that
of natural sunlight. As the initial temperature of the samples was affected by the fluctuating lab
temperatures, a repeat of the photoswitching should be conducted with a Dewar in order to isolate
the sample from any ambient effects; this could reveal additional effects of each wavelength on
the sample that may have been hidden by ambient heating.
In order to diagnose the problems with our CO2 adsorption experiments, the TGA-MS
combined system used in the thermal degradation is also used in order to detect any exiting CO2
molecules (or lack thereof) as evidence of CO2 adsorption. Once a baseline measurement has
acquired for our samples, we can quantify the effects of photoswitching on CO2 adsorption
capacity. First, begin with base UiO-66 and run a battery of tests based on no irradiation, preirradiated, and cyclical irradiation; then repeat the same experiments on Ag/UiO-66, and the results
should show the effectiveness of Ag incorporation. Finally, the experimental sets would require
different Ag loadings in order to create a model correlating Ag loading with photoresponse and
thus CO2 adsorption capacity.
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APPENDIX A
UIO-66 TGA FILES
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A.1

Synthesized samples

Figure A.1

Commercial sample UiO-66

Strem Chemicals
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Figure A.2

Katz synthesized UiO-66
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Figure A.3

Ag/UiO-66

Commercial/Synthesized UiO-66 samples incorporated with Ag shared similar appearances

A.2

Thermal Degradation Graphs
Thermal degradation tests were conducted using Q600 SDT with a heating rate of 7

°C/min from room temperature to 650 °C.
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Figure A.4

Thermal Degradation of Commercial Sample UiO-66 C1

Atmosphere: N2 (50 ml/min) Sample Mass: 2.346 mg

Figure A.5

Thermal Degradation of Synthesized Sample UiO-66 S2B1

Atmosphere: N2 (50 ml/min) Sample Mass: 2.062 mg
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Figure A.6

Thermal Degradation of Synthesized Sample UiO-66 1

Atmosphere: N2 (50 ml/min) Sample Mass: 3.506 mg

Figure A.7

Thermal Degradation of Synthesized Sample UiO-66 2

Atmosphere: N2 (50 ml/min) Sample Mass: 3.274 mg
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Figure A.8

Thermal Degradation of Synthesized Sample UiO-66 2

Atmosphere: N2 (50 ml/min) Sample Mass: 4.396 mg
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A.3

Drying Cycle Graphs

Figure A.9

UiO-66 C2B1 Drying Cycle

Atmosphere: N2 (50 ml/min) Mass: 4.496 mg Runtime: 170 min (Cycle: 60 min at 110°C then 60
min 25°C)
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A.4

CO2 Adsorption Graphs

Figure A.10 UiO-66 C2B4 Room Temperature CO2 Adsorption
Atmosphere: N2 (50 ml/min) and CO2 (20 ml/min) Mass: 6.736 mg Runtime: 90 min (at 25°C)

Figure A.11 Ag/UiO-66 S2B3 CO2 Room Temperature Adsorption
Atmosphere: N2 (50 ml/min) and CO2 (20 ml/min) Mass: 3.751 mg Runtime: 43 min (at 25°C)
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